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We investigate the (0001) surface of single crystal quartz with a submonolayer of Rb adsorbates.
Using Rydberg atom electromagnetically induced transparency, we investigate the electric fields
resulting from Rb adsorbed on the quartz surface, and measure the activation energy of the Rb
adsorbates. We show that the adsorbed Rb induces a negative electron affinity (NEA) on the quartz
surface. The NEA surface allows low energy electrons to bind to the surface and cancel the electric
field from the Rb adsorbates. Our results are important for integrating Rydberg atoms into hybrid
quantum systems and the fundamental study of atom-surface interactions, as well as applications
for electrons bound to a 2D surface.
Due to recent technological advances in fabrica-
tion and trapping, hybrid quantum systems (HQS)
consisting of atoms and surfaces, as well as electrons
and surfaces, are fast emerging as ideal platforms for
a diverse range of studies in quantum control, quan-
tum simulation and computing, strongly correlated
systems and microscopic probes of surfaces. Minia-
turization of chip surfaces is necessary to achieve
large platform scalability, but decoherence and noise
emerge as serious challenges as feature sizes shrink
[1–3]. Mitigating the noise is a fundamental and nec-
essary step in realizing the full potential of HQSs for
quantum technologies.
Combining ultracold Rydberg atoms with surfaces
for HQS is attractive because Rydberg atoms can
have large sizes, significant electric dipole moments
and strong interactions. There have recently been
a host of theoretical proposals for utilizing Rydberg
atoms near surfaces [4–8]. Progress on the experi-
mental front has been hampered by uncertainties in
characterizing interactions of atoms with surfaces,
although some recent work in this regards are note-
worthy [9–11].
To take full advantage of Rydberg atom HQSs, a
more complete understanding of surfaces is needed.
One problem is that Rydberg atoms incident upon
metal surfaces can be ionized [12, 13]. A second
major hurdle is the background electric fields (E-
fields) caused by adsorbates [14–19]. Rydberg states
are sensitive to adsorbate E-fields because they are
highly polarizable [20]. Adsorbate E-fields have
caused problems for other experiments as well, in-
cluding Casimir-Polder measurements [21], and sur-
face ion traps [22]. A possible solution is to minimize
the E-fields by canceling them out.
A convenient surface for applications in HQSs
is quartz because of its extensive use in the semi-
conductor and optics industries. Despite numerous
theoretical and experimental studies of bulk SiO2
[23–25], the surface properties are not well under-
stood. Recent theoretical work has focused on sur-
face reconstruction and the adsorption of water and
graphene [26–30]. The (0001) surface has been the
subject of recent theoretical interest, partially due
to its stability and low surface energy [26, 30].
In this work, we show that adsorption of Rb
atoms on a quartz (SiO2(0001)) surface, contrary to
prevailing assumption, can reduce the E-field near
the surface, Fig. 1. We demonstrate, by appealing
to theoretical arguments and ab initio calculations,
that the reduction in E-field is caused primarily by
transformation of the quartz into a negative electron
affinity (NEA) surface via adsorption of Rb atoms
on the surface. A NEA surface can bind electrons,
similar to the image potential states on liquid he-
lium (LHe) [31–33]. While the surface repulsion for
electrons on LHe is provided by Pauli blocking, the
repulsion on quartz occurs because the surface vac-
uum level dips below the bottom of the conduction
band. We find that the binding of electrons to the
surface substantially reduces the E-field above the
surface.
In experiments on atom-adsorbate interactions,
using different surfaces, adsorbate E-fields with mag-
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FIG. 1. Low E-field near the quartz surface. In the
limit of high Rydberg atom (Rb(81D)) population the
E-field is measured at distances of ∼ 20 − 800µm from
the quartz surface at Tsub = 79
◦C. The experimental
data shown in black is taken in different segments, with
changing positions of the coupling beam. Black points
are taken from different pixels on a CCD camera. The
error bars are the standard deviation of the measure-
ment. The red line is a fit to equation (1), showing the
inhomogeneity of the E-field. Our calculations indicate
that the E-field at z < 200µm is caused by the large
spacing between electrons on the surface.
nitudes ranging from ∼ 0.1 − 10 V cm−1 have been
measured at distances of ∼ 10−100µm [9, 15, 16, 18,
21]. We measure radically different E-fields depend-
ing upon the number of slow electrons produced near
the surface. The E-fields are much smaller when Ry-
dberg atoms near the surface act as a source of slow
electrons that can bind to the quartz surface. We
demonstrate that E-fields as small as 30 mV cm−1
can be obtained 20µm from the surface.
A microscopic picture of E-field noise is obtained
by considering thermal fluctuations of adsorbate
dipole moments near the surface [34]. An adsorbed
atom develops a dipole moment as a result of the
polarization of the adatom electron cloud in inter-
action with the surface. An intuitive model for the
dipole created on the surface, d0, is the fractional
charge transfer between the adatom and substrate,
∆qe, multiplied by the distance between them [35],
d, d0 = ∆qed. Calculating ∆q and d for the Rb-
O-terminated quartz system (see Methods), yields
d0 = 12 D, in good agreement with a more advanced
DFT calculation. d0 is the dipole moment in the
limit of low coverage. As the density of adsorbates
increases, the E-field from neighboring dipoles re-
duces the effective dipole moment of each adatom
(see Methods).
Adsorption of a large number of Rb atoms on the
quartz surface produces macroscopic E-fields. At
distances far from the surface z  d, the E-field can
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FIG. 2. Overview of the experiment. (a) Level
scheme for Rydberg EIT used in our experiments. (b)
A schematic of the experimental setup. Rb atoms are
first trapped in a mirror MOT, then transferred into a
magnetic trap and transported to the surface. The probe
and coupling beams for Rydberg EIT are overlapped and
counterpropagate inside the atom cloud. The Rydberg
EIT signal is observed by analyzing the absorption of the
probe beam on a CCD camera. Heaters are positioned
outside of vacuum and control the temperature of the
quartz.
be modeled as two finite sheets of charge separated
by a small distance [17, 18]. We model the E-field
with uniformly charged square sheets of length L.
Near the center of the sheets, the E-field is largely
perpendicular to the surface,
Ez(z) =
2
√
2σd(σ)L2
pi0
√
L2 + 2z2(L2 + 4z2)
, (1)
where 0 is the permittivity of free space, σ is the
adsorbate density, and d(σ) is the coverage depen-
dent dipole moment. The temperature dependence
of σ in the limit of low coverage is [36],
σ/σ0
1− σ/σ0 = Ce
Ea
kTsub , (2)
where σ0 is the density of adsorbate sites, Ea is the
desorption activation energy, k is the Boltzmann
constant, and Tsub is the substrate temperature.
Equations (1) and (2) relate the adsorbate E-field
to σ at a given temperature.
The E-field is determined by measuring the fre-
quency shift of a Rydberg state, and comparing it
to a Stark shift calculation. The position of the Ry-
dberg state is determined using Rb Rydberg atom
electromagnetically induced transparency (Rydberg
EIT) [37]. The energy level scheme for the Ryd-
berg EIT is shown in Fig. 2a. When the coupling
beam, 480 nm, is on resonance with the upper tran-
sition, the atoms are transparent to the 780 nm
2
probe laser. By analyzing absorption images as a
function of coupling laser detuning, the spatial de-
pendence of the E-field is measured with a resolu-
tion of 5.5µm. Stark shifts of two magnetic states
for 81D5/2(mJ = 5/2 andmJ = 1/2) are shown in
Fig. 3a. An example of experimental traces at dif-
ferent z is shown in Fig. 3b.
Our experimental setup is shown in Fig. 2b. A
mirror magneto-optical trap (MOT) is used to load
a Rb magnetic trap ∼ 2 mm from the quartz surface.
After loading the magnetic trap, bias magnetic fields
are used to move the atoms close to the surface. The
atoms are released from the magnetic trap and im-
aged. The atom cloud has approximate dimensions
of 1× 1× 2 mm.
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FIG. 3. Stark shift calculation and Rydberg EIT
spectra. (a) Stark shift for 81D5/2, mJ = 5/2 and 1/2
states in a 14.3 G magnetic field oriented perpendicular
to the E-field. The inset shows the orientation of the
electric and magnetic fields with respect to the quartz
surface. (b) EIT spectra taken at 2 different positions
z = 150µm (upper) and z = 50µm (lower) for 81D5/2
mJ = 1/2 (left) and mJ = 5/2 (right). The black points
are pixel values of 3 averaged images, and the error bars
are the standard deviation of the pixel values. The red
lines are Lorentzian fits to the data. At z = 50µm the
mJ = 1/2 state is broadened and shifted corresponding
to an E-field of 0.02 V cm−1.
At low Rydberg atom number, the E-field is seen
to be homogeneous over the magnetic trap because
the EIT signal is not detectably broadened across
the extent of the atom sample, ∼ 2 mm. The vari-
ation of the E-field over z = 200 − 1000µm is
< 0.1 V cm−1. The sensitivity of this measurement
is limited by the polarizability of the Rydberg state.
L is estimated to be 10 mm and is similar in size to
other observations [17]. Disabling the magnetic trap
for ∼ 10 minutes did not change the E-field. Dis-
abling the MOT for the same time period changes
the E-field.
The adsorbate E-field points away from the sur-
face as confirmed by an external compensating E-
 
 
FIG. 4. Temperature dependence of the E-field.
The measured E-fields due to Rb adsorbates on the
(0001) surface of quartz as a function temperature, at
a distance of 500µm from the surface. The E-fields are
calculated by analyzing the frequency shifts of the EIT
spectra and comparing them to Stark shift calculations.
The black points are in the limit of low Rydberg atom
production. The black line is a fit to the Langmuir iso-
bar of equation (2), and yields a desorption activation
energy of Ea = 0.66±0.02 eV. The red data points were
taken with high Rydberg atom production. The red line
is explained in the text. The horizontal error bars are
due to the uncertainty in the temperature of the quartz
surface. The vertical errors bars are the standard devia-
tion of the experimental data. In the case of high (low)
Rydberg atom production the Rabi frequencies of the
probe and coupling lasers are Ωp = 2pi × 3.5(0.5) MHz
and Ωc = 2pi × 4(4) MHz.
field. The adsorbate E-field is estimated to point
perpendicular to the surface, within 15◦, based on
the agreement of the overall and differential shifts of
different mJ states. This further justifies the model
in equation (1).
We measured the E-field as a function of the
quartz temperature. The results are shown (black)
in Fig. 4 at z = 500µm. At 28 ◦C, the E-field is
1.7 ± 0.1 Vcm−1. Using equation (1), for a slab
of length L = 10 mm and d0 ∼ 12 D, we esti-
mate σ = 4 × 105 atomsµm−2, yielding an aver-
age Rb spacing of ∼ 1.5 nm, and an adatom cov-
erage of 11%. Fitting all values of σ to equation (2)
with a coverage dependent dipole moment, yields
Ea = 0.66 ± 0.02 eV. Ea is similar to the Ea for
alkali atoms on similar surfaces [38–41].
Increasing the Rydberg atom number in either
3
trap dramatically reduces the E-field, by increasing
the flux of slow blackbody ionized electrons that can
bind to the surface. The Rydberg atom number can
be made larger by increasing the probe laser Rabi
frequency. The temperature dependence of the re-
duced E-field is shown (red) in Fig. 4. For typical
parameters shown in Fig. 4, 300 atoms are ionized
per experimental sequence. At Tsub ∼ 28 ◦C, the E-
field is reduced by a factor of ∼ 30. Reductions in
the E-field are observed for all Rydberg states over
a range of a principal quantum numbers, n. nS and
nD states were investigated for n ∼ 40− 100.
The Rydberg atoms are predominately ionized
due to blackbody radiation; direct blackbody ion-
ization accounts for 99% of all electrons [42] at high
n. For Rb(81D5/2), the electrons have an aver-
age kinetic energy of 10 meV. Over the range of
n ∼ 40 − 100, the electrons average kinetic energy
ranges at 8− 15 meV [43].
If the blackbody ionized Rydberg electrons can
bind to the surface, they can neutralize the E-field
produced by the Rb-adatoms on the surface. Elec-
trons can bind to a conducting or dielectric surface
by binding to their image potential [44]. Such bound
surface states are ultra-short lived, and rapidly col-
lapse into the bulk. In LHe, the Pauli repulsion pro-
vides the necessary barrier of ∼ 1 eV, preventing the
collapse of the electron wave function and leading to
the formation of s-wave bound states on the surface.
In LHe, quantum statistics repel the electrons, al-
lowing for electrons to remain in these bound states
for tens of hours at cryogenic temperatures [33]. For
adsorption on ordinary surfaces, if the vacuum en-
ergy dips below the bottom of the conduction band,
a negative electron affinity surface is produced, re-
pelling electrons from the surface.
Amorphous quartz has a positive electron affin-
ity of 0.9 eV [45]. However, adsorption of atoms
can change the substrate surface properties. The
dipole layer created by the adsorbates changes the
electric potential at the vacuum-surface interface.
By calculating the electrostatic change in energy of
an electron across the surface dipole layer, an es-
timate of the change in electron affinity, ∆χ, can
be made [46] (see Methods). Using d0 = 12 D and
σ = 4.2× 105 atomsµm−2 at T = 28◦C, the change
in surface electron affinity is ∆χ = −1.9 eV. This
straightforward approximation suggests that Rb at
our densities can shift the vacuum level ∼ 1 eV be-
low the conduction band, inducing a NEA surface
on quartz. This model shows a NEA up to surface
temperatures of ∼ 40 ◦C.
To investigate the adatom-surface on a micro-
scopic level, we performed total-energy calculations
for the (0001) surface of quartz with various Rb cov-
erage using spin-polarized density functional theory,
as implemented in the Vienna Ab initio Software
Package (VASP) [47] (see Methods). The Rb-quartz
interaction potential is shown in Fig. 5b, for a cov-
erage of one monolayer (ML). On the surface of
quartz, the Rb atom is bound to two oxygen atoms.
The concentration of electron density around the
two oxygen atoms is shown in Fig. 5c. A side view
showing Rb adsorption is shown in Fig. 5d. In the
potential, the lowest bound state has an energy of
Eb = 0.35 eV. For the lower coverages investigated
experimentally, our DFT calculations show an in-
crease of Eb by ∼ 1.4. The calculated Eb is com-
parable in magnitude with the measured Ea, and is
consistent with the expectation Eb ≤ Ea [48].
We calculated the electronic density of states
(DOS) for the bulk α-quartz and the shift of the
vacuum energy with varying amounts of Rb cover-
age using DFT. The results are shown in Fig. 5a
and the details of the calculations are in the Meth-
ods section. The Fermi level, EF is set equal to zero,
and lies in the middle of the band gap, between the
top of the valance band, Ev,bulk = −3.05 eV, and the
bottom of the conduction band, Ec,bulk = 3.05 eV.
As shown in Fig. 5a, the vacuum level for the clean
surface, V clean(∞), has a positive electron affinity,
consistent with experiment [45]. However, adsorbing
Rb on the surface shifts the vacuum level downward.
NEA is induced around 0.5 ML. The DFT and the
straightforward electrostatic calculations, both show
that the vacuum level shifts by several electron volts
with only a modest amount of Rb coverage. The
remaining discrepancy may be resolved with further
improvements in DFT [49, 50]. More knowledge of
the experimental surface including the Rb adsorbate
structure will also help to guide the calculations.
We model the electrons as a uniformly charged
square sheet of length L, that overlays the adsorbate
layers with L = 10 mm at z = 0. The resulting E-
field is a sum of the E-fields from the adsorbates
and electrons, Etot = Eads + Eele. After requiring
the Etot = 0 at z = 0, Etot(z = 500µm) is plotted
in Fig. 4 (red). The near exact fit to data is an
indication that the reduction in the E-field is due to
the formation of a NEA surface for Rb-SiO2.
For high temperatures and high Rydberg popula-
tion the E-field produced by the surface is low. The
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FIG. 5. DFT calculations of Rb on quartz. (a) Density of states of bulk α-quartz calculated at the GGA/PBE
level (see Methods). The Fermi level, EF , top of the valence band, Ev,bulk, bottom of the conduction band Ec,bulk
of bulk α-quartz, and the vacuum levels of the SiO2 (0001) surface without and with Rb adatom, respectively,
V clean(∞) andV RB(∞) are labeled. (b) The interaction potential (in eV) for Rb adsorbed on the O-terminated
quartz, with z(A˚) normal to the surface. The interaction potential is calculated for a Rb coverage ratio of 1 ML.
(c) Charge density map for Rb-SiO2(0001) in the plane of Rb and surface terminated O atoms. (d) Side view of Rb
adsorption on a SiO2(0001) slab. The Rb atom (pink) is bound to 2 oxygen atoms (red). The bottom of the slab
is passivated by attaching hydrogen atoms (white). The green axes outline the periodic supercell used in the DFT
calculations for 1 ML Rb coverage.
measured E-field as a function of z at T = 79 ◦C
is shown in Fig. 1. For z > 200µm the E-field is
negligible within the error. At z < 200µm the E-
field increases to ∼ 30 mV cm−1. Under these con-
ditions, we estimate a surface electron density of
∼ 10 electrons mm−2. For z < 200µm, approxi-
mating the electrons as a sheet with uniform charge
breaks down since the spacing between electrons is
larger than z. The spectral width of the EIT reso-
nance for 81 D5/2, (mJ = 1/2) increases from 2 MHz
far from the surface to ∼ 4 MHz at z ≤ 50µm. We
attribute this broadening to the inhomogeneity of
Eele near the surface. The data in Fig. 1 is fit to
equation (1), and shows that the residual E-field can
be modeled as a dipole patch of adsorbates, with
L ∼ 200µm. L is approximately equal to the esti-
mated electron spacing ∼ 300µm.
We can remove electrons from the surface using
400 nm light generated with a light emitting diode
(LED) array. We start with the surface saturated
with electrons. The LEDs are pulsed on for a vari-
able time while atoms are being loaded into the
MOT. The intensity of the pulse is kept small to
avoid light induced desorption of Rb. The MOT flu-
orescence is monitored to verify this condition. The
E-field is measured using Rydberg atom EIT. An ex-
ample measurement for T = 56 ◦C, is shown in the
inset of Fig. 6. Assuming a direct process, the data
is fit to an exponential function, E(t) = A(1−e−bt).
A is the largest value of the E-field measured and
b is the photodesorption rate constant. b is mea-
sured over a range of temperatures, shown in the
main part of Fig. 6. The photodesorption rate con-
stant has an Arrhenius behavior, with an activation
energy of 0.7±0.07 eV. The activation energy is sim-
ilar to the Ea suggesting the removal mechanism of
Rb on quartz is dependent on Rb coverage. The Rb
coverage is the variable that affects the energy lev-
els most strongly. It is unknown if the electrons are
detached from or tunnel into the surface. The pho-
todetachment mechanism is the subject of further
investigation.
Over the temperature range investigated, 28◦C <
T < 80◦C, the Rb-quartz system can bind electrons
for several hours. The small E-fields have been re-
peatably measured many times for over a year, yield-
ing the same results within experimental error. The
thermal wavelength of an electron at 28◦C is 4.3 nm,
indicating that the electron is not localized to one
Rb adsorbate. We believe that the single crystal
nature of the quartz and small surface roughness,
< 5 A˚, plays an important role in the uniformity
of the Rb adsorbates and electron binding. There
are few steps and structures on the surface to nucle-
ate Rb clusters, leading to the homogeneous fields
we observe. We have done some simulations inves-
tigating whether the dipole potential from a patch
of adsorbates or the image potential is responsible
for binding the electrons to the surface. Our results
show that binding is due to the image potential of
5
  
 
 
FIG. 6. Photodesorption of electrons with UV
light. A short pulse of 400 nm light is incident upon
the quartz surface saturated with electrons. The inset
shows the increase of the E-field with the pulse duration
at Tsub = 56
◦C. The black points are experimental data,
and the error bars are the standard deviation of the mea-
surement. The red line is a fit to E(t) = A(1 − e−bt),
where the photodesorption rate constant b is extracted
from the fit. The main figure shows b measured for dif-
ferent quartz temperatures. The error bars are the un-
certainty in the fit of the data to b. The blue line is a fit
of the data to the Arrhenius equation, with an activation
energy of 0.7± 0.07 eV.
the electron, and the patch potential slightly shifts
the image potential.
In summary, we have measured the activation en-
ergy of Rb on the (0001) surface of quartz and shown
the onset of a NEA surface capable of binding elec-
trons upon Rb adsorption. Reducing E-fields on a
quartz surface by making quartz a NEA surface by
Rb adsorption is a promising pathway for coupling
Rydberg atoms to surfaces. Further work can be
directed towards measurements of other surface ori-
entations and dielectrics, as well as investigating the
behavior at cryogenic temperatures. The properties
of the electrons, including binding energy, mobility,
and effective mass, are the subject of future work.
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METHODS
Experimental Details
About ∼ 2 × 106 87Rb atoms are captured in
a mirror MOT ∼ 2 mm from the surface. The
quadrupole magnetic field for the MOT is gener-
ated by external coils. The MOT coils are shut off
and the atoms are optically pumped into the F = 2,
mF = 2 state and loaded into a Ioffe-Pritchard mag-
netic trap. About 2/3 of the atoms are transferred
into the magnetic trap. The magnetic fields for the
Ioffe-Pritchard trap are produced by a millimeter
sized Z-wire situated 1.2 mm above the quartz sur-
face. Bias fields for the trap are created by external
coils. After loading the magnetic trap, the bias fields
are used to move the atoms close to the quartz sur-
face. The atoms are released from the magnetic trap
and imaged. After release, the atoms have a peak
atomic density of 3 × 109 cm−3 and a temperature
of 100µK. The atom cloud has approximate dimen-
sions of 1×1×2 mm. The background pressure in the
chamber is 3×10−10 Torr. We use a 20×20×0.5 mm
piece of single crystal z-cut (0001) quartz with sur-
face roughness of < 5 A˚. The quartz is mounted to
a gold mirror of thickness ∼ 700µm that is used for
the mirror MOT. Heaters outside the chamber heat
the whole assembly. The temperature of the quartz
is monitored with a thermocouple, located far away
(∼ 14 mm) from the magnetic trap. The gold mirror
for the mirror MOT is epoxied to an aluminum ni-
tride mount that also holds the copper Z-wire. The
aluminum nitride mount is in thermal contact with
an aluminum block. The quartz is mounted on the
gold mirror. The entire assembly is mounted on cop-
per feedthroughs so that it can be heated outside the
vacuum chamber.
The 780 nm light is produced by an extended cav-
ity diode laser (ECDL) and the 480 nm light is gen-
erated by a home-built frequency doubling cavity of
an amplified 960 nm ECDL. The 780 nm and 960
nm lasers are stabilized to a ultrastable Fabry-Perot
cavity (Stable Laser Systems). The transition fre-
quencies in the experimental chamber are referenced
to a vapor cell located on a different optical table.
The Stark shifts and the magnetic field were veri-
fied by comparing the observed shifts in the vapor
cell with an applied magnetic field. The probe and
coupling beams for the EIT detection are counter-
propagating with pulse lengths of 150µs. The probe
beam is collimated with a waist of 4 mm. The cou-
1
pling beam is focused through the atom cloud with
a waist of 50µm. The probe beam is σ+ polarized
and the coupling beam is linearly polarized in the
x-direction.
Summary of DFT Calculation
The exchange correlation energy was calculated
using the generalized gradient approximation with
the parameterization of Perdew, Burke, and Ernz-
erhof [1] (PBE). The interaction between valence
electrons and ionic cores was described by the pro-
jector augmented wave (PAW) method [2, 3]. The
Rb (4s2, 4p6, 5s1), Si (3s2, 3p2), and O (2s2, 2p4)
electrons were treated explicitly as valence electrons
in the Kohn-Sham (KS) equations and the remain-
ing cores were represented by PAW pseudopoten-
tials. The KS equations were solved using the
blocked Davidson iterative matrix diagonalization
scheme [4] followed by the residual vector minimiza-
tion method. The plane-wave cutoff energy for the
electronic wave functions was set to 500 eV, ensur-
ing the total energy of the system to be converged
to within 1 meV/atom.
Structural optimization was carried out with
periodic boundary conditions applied using the
conjugate gradient method, accelerated using the
Methfessel-Paxton Fermi level smearing [5] with a
width of 0.1 eV. The total energy of the system and
Hellmann-Feynman forces acting on atoms were cal-
culated with convergence tolerances set to 10−3 eV
and 0.01 eV/A˚, respectively. Structural optimiza-
tions and properties calculations were carried out
using the Monkhorst-Pack special k -point scheme [6]
with 5× 5× 5 and 5× 5× 1 meshes for integrations
in the Brillouin zone (BZ) of SiO2 bulk and slab
systems, respectively.
The simulation supercell consisted of periodic (2×
2) SiO2 (0001) slab surfaces separated by 30.00 A˚
vacuum layers. O-terminated SiO2 (0001) surfaces
were built by cleaving the relaxed bulk structure of
α-quartz and consisted of 5 SiO2 bilayers, with the
back side of the slabs passivated by addition of hy-
drogen atoms. In the structural optimization calcu-
lations, only the top two SiO2 bilayers were allowed
to relax. Although a large vacuum region was used
between periodic slabs, the creation of dipoles upon
adsorption of atoms on only one side of the slab can
lead to spurious interactions between the dipoles of
successive slabs. In order to circumvent this prob-
lem, a dipole correction was applied by means of an
artificial dipole layer placed in the vacuum region
following the scheme introduced by Neugebauer and
Scheffler [7]. A similar computational approach was
used previously to investigate dipole formation upon
Cs adsorption onto a graphene-veiled SiO2 (0001)
slab surface [8].
V (∞), the plane-averaged electrostatic potential
in the vacuum at a distance where the microscopic
potential has reached its asymptotic value, was ob-
tained from a self-consistent electronic structure cal-
culation using a plane wave basis set of the electro-
static potential V (x, y, z) on a grid in real space.
Assuming that the surface normal is oriented along
the z-axis, one can define a plane averaged potential:
V (z) =
1
A
∫ ∫
cell
V (x, y, z)dxdy, (1)
where A is the supercell surface area. The asymp-
totic value V (∞) can be extracted by plotting the
variation of V as a function of z. It should be noted
that the major contribution to the surface dipole re-
sults from the charge reordering associated with the
formation of the chemical bonds between the surface
and the adatoms. This contribution is foremost de-
termined by the nature of the chemical bonds, but
can also be modified by the packing density of the
adatoms.
In order to quantify the dipole moment created
by adsorption of a Rb adatom on SiO2 (0001), par-
tial charges were calculated with Bader charge par-
titioning [9]. At a coverage, σ/σ0 = 0.11, the partial
charge transferred from one Rb adatom to the sur-
face is 0.947. Since the calculated equilibrium d(Rb-
O) bond distance is 2.79 A˚, the resulting local dipole
moment is 12.7 D.
Electrostatic Calculations
We estimated the dipole moment of a Rb atom
adsorbed on quartz as using d0 = ∆qd, as described
in the main text. ∆q is the amount of ionic character
of the bond, and is calculated in terms of Pauling
electronegativities XA and XB for the Rb and the
surface respectively [10],
∆q = 0.16|XA −XB |+ 0.035|XA −XB |2. (2)
The DFT calculations show that the Rb is bound
to two oxygens, and the total dipole moment is cal-
culated as the vertical contribution from each Rb-O
2
bond. The effective electronegativity of each oxy-
gen, XB, is calculated by using the geometric mean
of the electronegativities of 1 Si atom and 2 O atoms,
XB = (1.90 × 3.44 × 3.44)1/3 = 2.8. This results in
∆q = 0.46. d can be estimated by adding the cova-
lent radii of the atoms,
d = radscov + r
sub
cov = 2.79 A˚. (3)
The resulting dipole moment for each Rb-O bond is,
d1 = 6.2 D. The z component of the vertical dipole
d1z = 5.8 D, is calculated using the geometry of the
system with the O-O separation of 2.363 A˚. The to-
tal dipole moment in the z direction is d0 = 12 D.
The numbers used for the covalent radii and elec-
tronegativities are found in [11]. This simple calcu-
lation supports the DFT result.
The change in the electron affinity can be esti-
mated from [12],
∆χ = −ed(σ)σ
0
(4)
where σ is the density of adsorbates on the surface
and d(σ) is the density dependent dipole moment,
d(ω) =
d0
(1 + 9αadσ3/2)
. (5)
αad is the polarizability of the adatoms. Using the
calculated dipole moment, d0 = 12 D, and exper-
imental values for σ = 4.2 × 105 atomsµm−2 at
T = 28◦C, ∆χ = −1.9 eV. Through adsorption
of cesium, materials such as diamond [13, 14] and
gallium nitride [15] can shift their surface electron
affinity from positive to negative in a similar fash-
ion.
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